Cross-reacting treponemal antigens are potentially important candidates for serodiagnostic assays in syphilitic infections. Based on the idea that the organelles for locomotion in virulent and avirulent treponemes might be composed of similar subunits, we attempted to purify the flagellar antigens of Treponema phagedenis biotype Reiter Preparation of flagellar antigens. Flagella from each of the avirulent organisms were harvestd by the methodology previously described by Bharier and Allis (5). Briefly, 20 g (wet weight) of cells was subjected to n-butanol treatment to disrupt outer envelopes. Cell debris was then removed by centrifugation at 6,000 x g for 10 min and the supernatant fluids were then centrifuged at 100,000 x g for 3 h. Pellets were resuspended in 0.01 M phosphate buffer, pH 7.0, and additional cell debris was removed by centrifugation at 5,000 x g for 10 min. These crude flagellar preparations were placed on columns of microgranular DEAE-cellulose (DE52; 922
Cross-reacting treponemal antigens are potentially important candidates for serodiagnostic assays in syphilitic infections. Based on the idea that the organelles for locomotion in virulent and avirulent treponemes might be composed of similar subunits, we attempted to purify the flagellar antigens of Treponema phagedenis biotype Reiter and Treponema refringens for use in radioimmunoassays. With a combination of physical and chemical methods, the major protein subunit of purified flagellar preparations exhibited a mass of approximately 37 kilodaltons (kd) on sodium dodecyl sulfate-polyacrylamide gels. These 37-kd materials, with weight estimates comparable to those of other flagellin molecules, were further purified by preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electroelution. Human and rabbit sera, alone or subjected to DEAE Affi-Gel blue chromatography, were subsequently tested in radioimmunoassays employing each of the purified preparations. Even though sera from patients with secondary syphilis and from experimentally infected animals at 3 to 4 weeks postinfection were reactive in radioimmunoassays employing the 37-kd flagellar antigens, the assays were relatively insensitive for detection of immunoglobulin G responses in the early stages of human infection. Detection of immunoglobulin G antibodies in sera obtained early in the course of natural or experimental infection was possible with electroeluted 33-to 64-kd materials from both avirulent and virulent treponemes.
In recent years, radioimmunoassays (RIAs) and enzymelinked immunosorbent assays have been widely used for the diagnosis of various infections. In general, both methods exceed the sensitivity of conventional methods used in diagnostic laboratories, although specificity and sensitivity are dependent on the quality of antigens used in these procedures. With the exception of the recent study by Morrison-Plummer et al. (16) , these techniques have not been applied to individual antigens of Treponema pallidum for the detection of serum antibodies in syphilis, primarily because of problems associated with antigen purity. Although cloning of T. pallidum antigens in other bacteria (17, 18, 25) may eventually circumvent problems, such as limited in vitro multiplication of the organism and host protein contamination throughout purification procedures, alternative approaches do exist. The present study deals with an alternative methodology for antigen purification and our attempts to define constraints which impact with RIA in syphilis.
Utilizing electroelution purification techniques for individual antigenic components from preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), we initially focused our attention on cross-reacting polypeptides from Treponema phagedenis biotype Reiter. Those (27) so that rabbits with evidence of a Treponema paraluis-cunculi infection could be excluded from subsequent studies.
Soluble antigen suspensions. The methods used for the preparation of soluble T. pallidum suspensions and normal rabbit testicular extracts have been described previously (4) . Suspensions of Treponema refringens and T. phagedenis biotype Reiter were prepared by cultivation in spirolatebrain heart infusion broth (BBL Microbiology Systems, Cockeysville, Md.) supplemented with 10% normal rabbit serum (NRS) at 35°C for 5 to 7 days (2). Organisms were harvested by centrifugation at 10,000 x g for 25 min and washed four times with phosphate-buffered saline (PBS), pH 7.4 . The final pellets were resuspended in 10 mM Tris-barbital buffer, pH 8.6 (ionic strength, 0.02), containing 15 Preparation of flagellar antigens. Flagella from each of the avirulent organisms were harvestd by the methodology previously described by Bharier and Allis (5) . Briefly, 20 g (wet weight) of cells was subjected to n-butanol treatment to disrupt outer envelopes. Cell debris was then removed by centrifugation at 6,000 x g for 10 min and the supernatant fluids were then centrifuged at 100,000 x g for 3 h. Pellets were resuspended in 0.01 M phosphate buffer, pH 7.0, and additional cell debris was removed by centrifugation at 5,000 x g for 10 min. These crude flagellar preparations were placed on columns of microgranular DEAE-cellulose (DE52; Sera, antisera, and dilutions in sorbent. The pools of NRS and immune (anti-T. pallidum) rabbit serum (IRS) were the same as those used in our previous study (2) . Rabbit antisera against each of the avirulent treponemes were prepared by injecting rabbits intradermally at each of two nuchal sites with a total of 109 T. refringens or T. phagedenis biotype Reiter in 0.5 ml of PBS emulsified in 0.5 ml of complete Freund adjuvant (Difco Laboratories, Detroit, Mich.). Animals were reinjected with the same suspensions 7 and 14 days later, and sera were collected 7 days after the final injections. Rabbit antisera against purified flagella from the avirulent treponemes (described above) were prepared by intradermal injection of 25 ,ug of flagellar protein in 0. (14; Pierce Chemical Co., Rockford, Ill.), and unbound 125I was removed by passing the material through Bio-Gel P6GD (Bio-Rad Laboratories). In the stock solutions, after dialysis, 93% of the activities were precipitable with 10% trichlo- SDS-PAGE. Isolated materials and solubilized treponemal preparations were subjected to discontinuous sodium dodecyl sulfate-slab gel electrophoresis, using 3% stacking gels and separating gels of 10% acrylamide (12) . A current of approximately 37.5 mA per gel was applied until materials entered the separating gels. At that time, approximately 30 to 45 min, current was decreased to 30 mA per gel. Dye fronts were run to within 1 cm of gel bottoms. Gels were fixed in 10% acetic acid, stained with 0.1% Coomassie brilliant blue, and destained. and the molecular weights of individual polypeptides were determined by comparing their relative electrophoretic mobilities (Rf) with those of standard proteins (Bio-Rad Laboratories) (28): ferritin (220,000), phosphorylase B (92,500), bovine serum albumin (BSA) (66,000), ovalbumin (45,000), carbonic anhydrase (31,000), soybean trypsin inhibitor (21,500), and lysozyme (14,400). Stained gels were also scanned with a Quick-Scan, Jr., thin-layer chromatographic densitometer (Helena Laboratories, Beaumont, Tex.).
Electroblots. Resolved proteins from materials run on duplicate slab gels were electrophoretically transferred to nitrocellulose papers for further characterization of host proteins and treponemal antigens by a modification of the method described by Towbin et al. (26) . Proteins were transferred at 190 mA for 3 h in a buffer consisting of 25 mM Tris-192 mM glycine-20% methanol. Sheets were cut into separate strips corresponding to individual lanes, and the efficacy of the transfer was assessed by staining one of the strips with amido black. Other strips were placed in PBSTween for 1 h at room temperature to block nonspecific protein-binding sites (1) . All subsequent steps were also at room temperature. Strips were then incubated with antiserum at dilutions of 1:20 and 1:100 in 15-ml volumes of PBS-Tween for 12 h. After a series of three washes in PBS-Tween, strips were exposed to approximately 2 x 106 cpm of the appropriate second antibody for 2 h, washed with several changes of PBS-Tween to remove unbound label, rinsed in water, and air dried. The nitrocellulose papers were autoradiographed for various times (12 to 48 h), with Kodak NSST or ARX film. After autoradiography, selected strips were taped to 1-mm-grid graph paper and cut into 1-mm slices, and the radioactivity of each slice was determined in a Beckman gamma counter (2) .
Purification of individual treponemal proteins. Attempts to purify individual antigens consisted of subjecting flagellar materials and solubilized treponemal preparations to preparative, discontinuous sodium dodecyl sulfate-slab gel electrophoresis followed by electroelution. The location of specific protein bands of interest was determined by staining small longitudinal sections of the 3-mm-thick 10% acrylamide gels with Coomassie brilliant blue. Unstained bands in appropriate regions were sliced, removed, and subjected to electroelution at 10 mA per channel overnight in 10 mM ammonium bicarbonate buffer. Collection of materials was in membrane bags with 10,000-molecular-weight cutoffs. The electroeluted materials were then concentrated to approximately 2 mg/ml, using Centricon centrifugal microconcentrators (Amicon Corp., Lexington, Mass. 
RESULTS
Initial experiments. The initial phase of the study consisted of electroeluting nine individual antigens of T. phagedenis biotype Reiter from preparative slab gels and re-electrophoresing the materials to verify purity. Selection of the nine antigens in Table 1 , as opposed to others characteristically present on stained SDS-PAGE gels, was based on several considerations, most of which are illustrated in Fig. 1 . Immune antiserum to T. phagedenis biotype Reiter reacted with at least eight polypeptides of T. pallidum after electroblotting (Fig. lc) . Coomassie blue-stained gels of T. pallidum (Fig. la) and both avirulent organisms and their respective densitometric scans were compared with autoradiographs (Fig. ld) , and counts-per-minute profiles of electroblots were developed with antisera against homologous and heterologous organisms. Of the nine eluted antigens, early IgG antibodies in natural and experimental syphilis and frequently present in normal human serum cross-reacted with those polypeptides of 45, 33, and 30 kd. IgG antibodies (Fig. le) and from T. pallidum-infected rabbits.
In an attempt to standardize an RIA with the eluted 37-kd flagellar protein, 2 ,ug of material per well was used to coat microtiter plates. By high-pressure liquid chromatography 99.9% of the 37-kd material was confined to a single peak (Baughn, unpublished data) . Three separate antisera to T. phagedenis biotype Reiter flagella were then serially diluted in PBS-Tween after sorbent treatment for 30 min. All three sera at dilutions of 1:50 and 1:100 resulted in a total binding of greater than 16,000 cpm (Fig. 2a) sera. After standardization of the assay, kinetics of IgG responses to the 37-kd material were examined by using sera from T. pallidum-infected rabbits. Sera for these studies were obtained at weekly intervals after intradermal, i.v., and i.t. infections. Each infection model group consisted of four animals, and sera were tested in parallel with DEAE Affi-Gel blue chromatographically purified IgG fractions. Substantial increases in net binding were not obtained until week 3 of infection (Fig. 3) . As illustrated, sensitivity of the assay was only slightly increased during the first 3 weeks after i.v. infection with chromatographically purified IgG, with differences of greater than 0.5 log10 noted at later time intervals. Similar results were obtained with DEAE Affi Gel blue serum preparations from intradermal and i.t. -infected rabbits (data not shown). Overall, the sensitivity of the 37-kd RIA was low early in experimental infection. This disadvantage also was apparent with sera from patients with primary-stage disease; net binding with adsorbed serum (Table 2) was not significantly increased over net binding obtained with normal sera (P = 0.80152) or biological false-positive (P = 0.31577). A 10-fold increase in reactive antibody over other sera tested was observed in sera from patients with secondary syphilis (P = 0.01865).
Use of 30 to 64 kd electroeluted materials in RIAs. On the basis of the above studies, we decided to redirect our efforts toward the use of electroeluted materials. In contrast to the preliminary studies which used individual molecular weight species, entire regions with molecular masses of 33 kd, of between 33 and 64 kd, and of between 65 and 100 kd were excised from preparative 10% SDS-PAGE gels of T. pallidum and T. phagedenis biotype Reiter and electroeluted. Checkerboard RIA titrations with various concentrations of antigen and dilutions of adsorbed IRS were carried out to assess sensitivity and specificity of these materials in RIA. Of the six preparations tested (three per organism), only the 33-to 64-kd materials at antigen concentrations of 1 or 2 ,ug per well resulted in significant net binding differences of greater than 0.5 log10. Those results are shown in Fig. 4b along with total and nonspecific binding data obtained when diluted and sorbent-treated IRSs were tested against a constant antigen concentration of 2 ,ug (Fig. 4a) .
The two 33-to 64-kd materials at antigen concentrations of 2 ,ug per well were subsequently used in RIA testing of normal and syphilitic rabbit and human sera. Modest increases in net binding (over normal values) were seen with 14-day sera from infected rabbits, using the 33-to 64-kd T. pallidum or T. phagedenis preparations (Table 3) . Threefold increases with both test antigen preparations were seen with human sera from patients with primary-stage disease. Even though those increases were statistically significant (P < 0.01981 and P < 0.01109), they were not as profound as the more than 40-fold increases in net binding seen with sera from animals 4 weeks postinfection and from patients with secondary syphilis. Those differences were highly significant (P < 0.00008). DISCUSSION The present study demonstrated that purified antigens of T. phagedenis biotype Reiter may be potentially useful in RIAs for assessment of serum IgG responses in both natural and experimental syphilitic infections. Development of a highly sensitive and specific test was predicated on the use of sera treated with commercially available sorbent and antigens with masses of 33 to 64 kd purified by electroelution from preparative slab SDS-PAGE gels. When used as test antigens, the 33-to 64-kd T. phagedenis materials yielded results comparable to those of purified T. pallidum antigens with similar molecular masses (Table 3) .
There is a long history of interest in the reactions between antibodies that merge during syphilis and antigens from nonpathogenic treponemes. Early diagnostic tests, such as the Reiter complement fixation test for syphilis, attempted to use avirulent treponemes (26) . Despite obvious biological differences and lack of DNA homology between T. pallidum and the cultivable treponemes, antigenic similarities or crossreactivity of several outer membrane proteins have been well-established (9, 13, 15, 19, 20, 22) . Preliminary electroblot studies before purification of antigens for RIA, confirmed our previous findings (2) , which are in general agreement with those studies. In particular, seven of the nine cross-reacting antigens, namely, the 87-, 76-, 48-, 45-, 37-, 33-, and 30-kd polypeptides, which we initially sought to purify and use in RIA, are consistent with molecular weight estimates of Hanff et al. (8, 9) . As in our earlier study, normal human serum and NRS, when used for the development of electroblots at dilutions of 1:100, characteristically revealed a cross-reacting antigen with an approximate molecular mass of 45 kd. At dilutions of 1:20, reactions with the 33-and 30-kd materials were demonstrable with certain, but not all, normal sera. IgG antibodies reactive in RIAs against those three antigens were effectively removed by sorbent treatment (Table 1) , whereas antibodies to the 48-and 37-kd materials were least affected.
Attempts to measure antibody to the 37-kd material by RIA yielded interesting results in that antibody clearly appeared during the course of experimental infection in rabbits as well in syphilis in humans. The use of 33-to 64-kd material isolated by electroelution showed even greater increases over the base line in secondary syphilis. These antibodies were also detectable at an earlier stage of infection than was antibody to the 37-kd protein, with small but definite increases being detected within 2 weeks of experimental infection and in primary syphilis. (16) , suggest that electroelution-purified treponemal antigens are perhaps ideal candidate materials for RIA and enzyme immunoassays. Further testing of electroeluted materials should establish whether the sensitivity and specificity of these preparations are such that they can replace other treponemal tests, as suggested by Hunter et al (11) .
